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Abstract 
Transition flow over airfoils at the higher angle of attack shows a lot of unsteady phenomena such as local separation regions, 
boundary layer transition, turbulence and shock boundary layer interaction. These phenomena are associated with high energy 
loss and adversely effects the aerodynamic loads in the form of lift loss and drag increase. Controlling the flow through 
separation delay by suction at different slots, by flaps, by introducing bumps and sophisticated high lifting devices can mitigate 
the aerodynamic losses. This paper focuses on the delay of boundary layer separation of 2D NACA 4412 by suction using CFD 
analysis. Picking out the right suction position augments the aerodynamic performance. So a slot with a width of 2% of the chord 
length is placed at five different locations starting from 48% to 70% of the chord length. The main part of the paper is related to 
the selection of a suction position and outcome of different suction pressures at a definite slot. Suction with the lower pressure at 
a definite position moves the separation of boundary layer in the vicinity of trailing edge of the airfoil most. By suing suction at 
suction pressure 65kPa on 68% of the chord length of the airfoil with a constant angle 20 with the upper surface of the airfoil, 
AOA=130 and M=0.6, it is possible to move the transition to turbulent flow about 91% of the chord length of the airfoil near the 
trailing edge where it is found at 43% of the chord length of the airfoil without suction. So the laminar region is extended and the 
lift increases. Along with this, at low angle of attack, the lift to drag ratio after suction increases about 2.24 times compared to 
that of without suction.  
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NACA National Advisory Committee for Aeronautics 
 
1. Introduction 
The turbulent flow separation around the trailing edge (TE) of an airfoil affects the aerodynamic performances (like 
lift reduction, drag enhancement) very severely. At the higher angle of attack, the effect of adverse pressure gradient 
enhances the formation of separation wakes around trailing edge of the airfoil. The application of suction at proper 
position greatly subjugates the stream wise momentum loss in the wake. For the past years, considerable effort had been 
devoted to the investigation of the application of suction applied either through open slit or porous wall strip for the 
purpose of reduction of the skin friction drag or for the control of the boundary layers. Braslow [1] illustrated the 
history of suction type laminar flow control. Seifert et al. [2] investigated unsteady suction and blowing on a symmetric 
airfoil to increase post-stall lift. Two different means of suction had been investigated in the past: discrete suction 
through slots and distributed suction. Boermans [3] had shown that discrete suction allowed an abrupt pressure increase 
at the location of the slot. Eppler [4] found that the design case of an airfoil with distributed suction specifies together 
with the suction compartments and the suction pressure, the porosity of the surface. Oyewola et al. [5] studied that the 
effects of localized double suction applied through a pair of porous wall strips on a turbulent boundary layer had been 
quantified through the measurements of mean velocity and Reynolds stresses. Richards et al. [6] had shown that, it was 
impossible to maintain laminar flow aft of the suction slot at high Reynolds numbers because of the dynamic instability 
of the laminar layer over the concave surface. So the porosity of the surface of airfoil and geometry of the suction 
compartments are determined by the designed case. That’s why, it is considered that many off-design cases like surface 
porosity and suction compartment geometry are fixed and the pressure in the suction slot is the only variable for 
numerical investigation over an airfoil like NACA 4412. 
 
2. Numerical procedures 
Navier–Stokes equations arise from applying Newton's second law to fluid motion, together with the assumption   
that the fluid stress is the sum of a diffusing viscous term (proportional to the gradient of velocity) and a pressure term - 
hence describing the viscous flow. In an inertial frame of reference, the general form of the equation is:  
ߩ ൬߲ݒ߲ݐ ൅ ݒǤ ߘݒ൰ ൌ െߘ݌ ൅ ߘǤ ܶ ൅ ݂ 
 
Where,࢜ is the flow velocity, ρ is the fluid density, p is the pressure,  is the stress tensor, ݂ represents body forces 
(per unit volume) acting on the fluid and ׏ is the Del operator. 
Numerical flow simulation is performed by solving Navier-Stokes equations, which are formulation of mass, 
momentum and energy conservation laws. 
The Spalart Allmaras [7] turbulence model solved a modelled transport equation for kinematic eddy viscosity 
without calculating the length scale related to the shear layer thickness. The variable transported in the Spalart Allmaras 
model is ߥ෤ which is assimilated, in the regions which are not affected by strong viscous effects such as the near wall 
region, to the turbulent kinematic viscosity. This equation has four versions, the simplest one is only applicable to free 
shear flows and  the  most  complicated, which is written below, can treat turbulent flow past a body  with laminar 
regions. 
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This transport equation brings together the turbulent viscosity production term,ܩ௩  and the destruction term, ௩ܻ.The 
physics behind the destruction of turbulence occurs in the near wall region, where viscous damping and wall blocking 
effects are dominants. No heat generation or transfer is considered. The other terms or factors are constants calibrated 
for each physical effect which needs to be modelled. This equation allows to determinate ࢜෥ for the computation of the 
turbulent viscosity, Ɋ from: 
ߤ௧ୀߩݒ෤ ௩݂ଵ 
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The cell centred finite volume method (FVM) is used to obtain conservative approximations of the governing 
equations on the locally refined rectangular mesh. The governing equations are integrated over a control volume which 
is a grid cell and then approximated with the cell centred values of the basic variables. The integral conservation laws 
may be represented in the form of the cell volume and surface integral equation: 
 
߲
߲ݔ නܷ݀ݒ ൅ රݎҧǤ ݀ݏ ൌ නܳ݀ݒ 
This is replaced by 
߲
߲ݐሺܷݒሻ ൅ ෍ ܨǤ ܵ ൌ஼௘௟௟௙௔௖௘௦
ܳݒ 
3. Result and discussion 
3.1 Validation 
Computations are performed for a NACA 4412 airfoil to test the grid independency. So a finer mesh, made of 89800 
quadrilateral cells, 90598 numbers of nodes is compared with a mesh of 14670 quadrilateral cells and 14981 numbers of 
nodes with the same input of AOA=120 and M=0.6. The lift co-efficient found for the finer mesh is 1.36 and varies with 
that of the other mesh by 0.75% which is concurrent to the independency test. 
For the validation of the data of without suction, the pressure coefficient versus position curve is studied. The result 
obtained in simulation is compared with the theoretical data of Pinkerton [8] and the experimental data of Heffley and 
Trueren [9] for angle of attack = 100. The maximum variation of the simulated data is found at about 40% of the chord 
length of the airfoil by 4.2% with that of the experimental result. 
 
  
 
Fig. 1. Data validation for AOA=100 of NACA 4412 airfoil. 
 
In case of the suction, the exact experimental data is not available. So the simulated data is compared with the most 
nearest data available. Goodarzi et al. [10] had worked with NACA 0012 with slots located at different position with 
different suction rations. So the findings of the simulation are compared with their research but a complete match isn’t 
found with the observed conditions. In that case, slot situated at 80% of the chord from the leading edge was not 
capable of delaying or reducing the separation of boundary layer. On the contrary, slots situated at 0.68c not only 
delayed the separation but also reduced the amount of wakes significantly. 
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     (c)               (d) 
 
 
 
 
 
 
 
 
 
 
Fig.2. Research result of Goodarzi et al. vs. the simulated result. 
a) and b) without suction; c) and d) with suction. 
 
3.2 Slot selection 
 
Suction in the proper position increases the aerodynamic performances. But choosing the best position depends 
on various parameters which makes the decision complex. Mach number, angle of attack (AOA), suction pressure 
etc. affect the position of suction. To lessen the enormous complexities, the aerodynamic performance is measured at 
various position on the upper surface of the airfoil at a suction pressure 75kPa keeping Mach number and AOA 
constant at 0.6 and 120 respectively.  
a)                                                                                    b)                                         
 
 
 
 
 
 
 
 
 
 
                                                                                                             
c)                                                                                    d)    
 
 
 
 
 
 
 
 
 
 
Fig. 3. Velocity contour for AOA=120 (a) without suction; (b) with suction at slot_0.48c; 
(c) with suction at slot_0.56c and (d) with suction at slot_0.68c of the airfoil at constant suction pressure 75kPa.  
 
For without suction, the trailing edge separation is found around 0.7c from the leading edge of the airfoil. But 
suction close to the trailing edge separation, i.e. at slot_0.68c, moves the separation more in the vicinity of the 
trailing edge, about 0.88c from the leading edge of the airfoil. On the contrary, the earlier suction such as slot_0.56c 
and slot_0.48c decreases the performance drastically shown in Fig. 3. (b and c). Eventually suction at slot_0.48c 
Position 
Suction pressure=65kPa 
Without suction 
Suction at slot_0.56c Suction at slot_0.68c 
Suction at slot_0.48c 
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decreases the lift, increases the turbulence and gives fully the adverse effect. This suggests that moving the slot 
downstream will produce a greater separation delay. Due to the increase in turbulence, the skin friction contributes 
the drag coefficient to increase about 6 times than that of without suction. The lift also decreases slightly. So lift to 
drag ratio falls off drastically. But suction at slot_0.68c decreases the drag coefficient from 0.043 to 0.03 which 
results 35.6% increase in lift to drag ratio from that of without suction. So eventually, for better aerodynamic 
performance, suction is done at slot_0.68c. 
 
3.3 Effect of suction pressures on lift to drag ratio at constant M=0.6 
 
Lift co-efficient for M=0.6 is more or less straight forward for lower AOAs. For higher AOAs, local pressure near 
the suction region is so closed that suction pressure of 80kPa has no substantial effect on the flow field. For this 
reason, suction is not as effective for higher suction pressure like 80kPa as in the case of above AOA=50. Suction 
with sufficiently low pressure like 70kPa, 65kPa drops-off this phenomenon and suction is still effective for higher 
AOAs. Hence, lines with lower suction pressure remain above for higher AOAs than that of without suction shown 
in Fig. 4. (a). 
 
a)                                                                                           b) 
 
 
 
 
 
 
 
 
 
 
Fig. 4. ( a) Lift co-efficient vs. AOA;  (b) Drag co-efficient vs. AOA. 
 
For lower AOAs, suction is effective for drag reduction. On the contrary, it is not so in the moderate AOAs. 
Apart from that, suction greatly subjugates drag coefficient in higher angle of attack. For higher angle of attack, 
trailing edge turbulence separation is delayed with suction. That is why; suction is effective for higher AOAs, seen 
in Fig. 4.(b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Change of lift to drag ratio with AOA for different suction pressures. 
 
In lift to drag ratio curve from Fig 5, lowering the suction pressure augments the lift to drag ratio with a clear 
view for lower AOAs. For higher AOAs, stalling is prevented with lowering suction pressure. Concluding these two 
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phenomena, suction is welcome both for the lower AOA application like steady level flight and for the higher AOA 
application like take-off operation. 
 
3.4 Trailing edge separation for different suction pressure  
 
Separation position moves in the vicinity of the trailing edge with the decrease of suction pressure. Initially the 
gradual decrease in the suction pressure moves the separation position towards the trailing edge in a great extent but 
later on; decrease in pressure moves the separation position slightly towards the trailing edge. So for a definite 
AOA=120, separation position moves from 0.76c to 0.91c of the airfoil for change of suction pressure from 80kPa to 
70kPa and later on for the suction pressure 65kPa, it moves to 0.96c of the airfoil. Changes in separation position 
from leading edge with the decrease in suction pressure shown in Fig. 6. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Change in trailing edge separation position with different suction pressures. 
 
4. Conclusion  
The numerical investigation on the aerodynamic performance for the delay of boundary layer separation by 
suction in NACA 4412 airfoil surface leads to the certain concluding remarks. Slot in the vicinity of the trailing edge 
produces a greater separation delay. For AOA=120 and M=0.6, suction at slot_0.68c of the airfoil with a suction 
pressure 65kPa moves the formation of separation bubbles from 0.7c to 0.96c of the airfoil. Though the effect of 
turbulent separation is not dominant in the lower AOAs, suction in that case enhances the lift coefficient 
significantly and reduces the drag slightly. As a result lift to drag ratio during suction is approximately 2.24 times 
higher than that of without suction. For the higher AOAs, suction increases the aerodynamic performances and 
delays stalling. Suction with lower pressure produces the delay of the trailing edge separation far downstream than 
the higher pressure. So for a constant AOA=120 and M=0.6, suction with 65kPa at slot_0.68c moves the separation 
position about 0.96c of the airfoil but it is found at 0.76c of the airfoil when suction is done at 80kPa at the same 
slot. Along with this, suction with 65kPa makes lift to drag ratio 35% higher than that of suction at 80kPa. 
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